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We study possible deviations from the Standard Model in the reaction 
e + e~ — ► Z</>, where <fi denotes a spinless neutral boson. We show how the 
Z decay angular correlation can be used to extract detailed information on the 
couplings, such as the parity of 0, radiatively induced form factor effects and 
possible CP violation in the scalar sector. Consequences of gauge invariant 
dimension six operators are discussed as an example. 
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I. INTRODUCTION 



The process e + e~ — > ZH is expected to be the best reaction to look for the Higgs boson 
(H) of mass <^2m w at LEP II and at an early stage of the next linear e + e~ colliders |T|,@,[|- 
Unlike in Higgs hunting at hadron colliders H, we expect to learn details of the Higgs boson 
properties and interactions at e + e~ colliders. These include the search for a deviation from 
the minimal one-doublet Higgs boson model and for possible radiative effects P,^,|7]||, or the 
effects of the compositeness of if 0. In fact a neutral spinless boson cf> which is produced 
via e + e~ — > Zcf) may not be a Higgs boson at all, but a new type of a bound state such as a 
pseudo Nambu-Goldstone boson [10| of a new strong interaction with a spontaneously broken 
chiral symmetry. The particle would then be a pseudoscalar rather than a scalar. We may 



even expect to observe a CP- violating interaction in the boson sector fll|J12 |. 

In this paper, we study couplings of a spinless neutral boson <ft, which may be a scalar, 
a pseudoscalar, or some mixture of the two, to the Z boson, in the process e + e~ — > Z(p; 
Z — > ff. We present general expressions for the production cross sections and the decay 
angular distributions with arbitrarily polarized e + e~ beams, in terms of the e + e~ — > ff<f> 
helicity amplitudes. We allow for a general (pZZ and (frZ'j vertices with the mass dimension 
five that respects the electromagnetic gauge invariance. These distributions will then allow 
us to determine the CP nature of the <p boson, and details of the (fiZZ and (pZ^y interactions. 

In the context of the Standard Model, we interpret our generic boson as a Higgs boson H. 
Our approach with generic couplings will be useful in identifying those radiative corrections 
to the process e + e~ — > ZH |||6].|8| that reduce to the effective HZZ and HZ'y form factors. 
In the limit of heavy new physics scale, these form factors can be expressed by the set of 



gauge-invariant dimension six operators [|T3l , |l4fl that contribute to these couplings. Possible 
CP violation in the Higgs sector may also be observed as an effective CP-odd vertex of our 
effective lagrangian. If tuh < Tnz, these couplings may be observed in the decay Z — > 



15,16,17], and we examine briefly the consequences of the limits on this process from LEP 



experiments. 
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We review here previous studies on related problems. Kinematics of the process e + e 



ffH have been studied for the Standard Model at the tree level in |le,19|. Beam polarization 



effects have also been studied in pi. Godbole and Roy || introduced the HZZ form factors 



in the study of composite light Higgs bosons in the process Z — > UH. Rattazzi [FJI|] has 
discussed effects of some of the non-standard couplings that are studied in this paper. After 



we essentially completed this paper, we received a preprint |22| in which the Z decay angular 
distributions in the process e + e~ — > Z(p are discussed as a means of distinguishing a scalar 
from a pseudoscalar. Our results agree with theirs. 

The paper is organized as follows. In section 2 we introduce a phenomenological lagrangian 
for the (fiZZ and (fiZj couplings, calculate the helicity amplitudes for the process e + e _ — > Zcf), 
and discuss the information obtainable using polarized e + e~ beams. In section 3 we study 
the matrix elements for e + e~ — > ff<p- We write the differential cross section in terms of 
nine form factors. These form factors contain nine combinations of the helicity amplitudes 
calculated in section 2. We form asymmetries which isolate these combinations, and discuss 
the measurement properties of those asymmetries. In section 4 we study effects of the gauge- 
invariant dimension six operators in our formalism. We discuss the limits available from LEP 
on the process e + e~ — ■> jH. Our conclusions are given in section 5. 



II. HELICITY AMPLITUDES FOR THE PROCESS e+e -> Z<j>. 

We consider an effective lagrangian which contains the Standard Model couplings of 
fermions to the Z and 7, and study the effects of the following cj)ZZ and (j>Z^ couplings: 

C eff = a z <PZ»Z^ + Y.{ b v WV»v + cv [{d^)Z v - (c\0)Z M ] 
v 

+ ~b v <pZ^V flu }, (2.1) 

where V^ v = <9 M K — d v V^ and = \e^ V oifN a ^ , with the convention e 012 3 = +1. The 
terms az, by, and cy alone would correspond to a CP-even scalar 0, while the terms by alone 
indicate a CP-odd pseudoscalar <p. The presence of both sets of terms tells that <p is not a 
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CP eigenstate. Interference of these two sets of terms leads to CP-violating effects in the 
differential cross section. In the SM, only the coefficient a z is non-zero at the tree level, where 
a z = 9z^z/2. We note here that the terms which are obtained from the cy terms by replacing 
V^ u by V^ u in the above lagrangian are equivalent to the negative of the by terms. 

These effective interactions contribute to the process e + e~ — *> Zcf) as shown in Fig. [TJ. For 
electron helicity r = ±1 (in units of Ti/2 p3| ) and outgoing Z boson helicity A, the helicity 
amplitudes for e + e~ — > Zcj) are given by: 

Mi x=0) =M( A=0 Vsin#, 
, i { \ Hi u i \ 1 + At cos 6 

M { T X - ±1] = M[ x ~ ±1) , (2.2) 

a/2 



m( a =°) 



2\fs — (a z + {s + m 2 z )cz) + Asm z {b z - c z ) J 
m z J 



where 

9Z (Ve + Ta e ) 
s — m z + im z T z \ v m z 

-e ( 2yf~s— c 7 + 2m z {b y - c 7 ) V (2.3) 
V m z J 

^A=±i) = 9z(ve + ra e ) / + ^ 2 + ^ _ _ 

s — m| + «m^r^ V 

-e (2v/sc 7 + 2cu(6 7 - c 7 ) - i\2kb^ . (2.4) 

Here # is the polar angle of the Z momentum about the electron beam direction, to = y/s (1 + 
m|/s— m|/s)/2 and = (cj 2 — ml) 1 / 2 are the Z energy and momentum in the e + e~ cm. frame. 
The couplings are denoted by e = g z = e / (sin 9 W cos 9\y), and, v e = — 1/4 + sin 2 6 W 

and a e = 1/4 are the vector and axial- vector couplings of the Z to the electron. 

These helicity amplitudes may be used directly to produce cross sections for arbitrarily 
polarized beams [p3[| . If we denote the transverse polarization directions s± of as 



s± = (cos <p±, sin ip±, 0), (2.5) 

where the azimuthal angles in the x — y plane are measured from the x-axis defined by the 
outgoing Z transverse momentum, we can express the e ± spin vectors as 

4 = P±(0, §±) + Pf (|p±|,S±p±)/m e . (2.6) 



The beam polarizations are limited by < Pj < J 1 — (P±) 2 with —1 < P^ < 1. Purely left- 
handed e ± beams give P± = — 1 and purely right-handed beams give p£ = +1. Natural 
transverse polarization of the e + e~ storage ring colliders gives tp + = p>- + tc and Pj = P T . 
Arbitrarily polarized beams will be available at e + e~ linear colliders. 

We can now obtain the matrix element-squared for e + e _ — > Z<p, with arbitrarily polarized 
e + e~ beams, summed over Z polarizations, by choosing the transverse spin directions as 



<P- = ~<P, 

(f + = -cp + n + 5, 



(2.7) 



where (p is the azimuthal angle of the Z momentum as measured from the electron transverse 
momentum direction, and 7r + 5 is the relative opening angle of the electron and positron 
transverse polarizations. We find 



J2\M\ 2 = - Y, {(! + pL )( X " P +)\ M X? + C 1 - pL )(! + P+)\M X _\ 2 



+ 2P1 P 



cos(2p - 5) 7?e(.M\M^) + sin(2(p - 5) Xm(7W^^)] } 



i (1 + Pf)(l-P^ 



+ (1-Pf)(l + P 
+2PTPI sin 2 



M°| 2 sin 2 + |M: 



|M!| 2 sin 2 ^+|M+| 2 



fl + COS i 



fl — COS I 



|M 



_, 2 (1 — COS ' 



. r> ,9 (1 + COS i 

+ Mr 2 - 



cos(2^ -5) Ve j(M°M°*) + ^(.W .U. ") + i(MlM~* 
+ sin(2y? - 5) 1m j(M°M°*) + i(M+M+*) + i(MlM"* 



(2-« 



By inserting the helicity amplitudes ( pT3| , pT4|) , we find 

1 



£|.m| 



— m|) 2 + m 2 z Y 2 z 



1 - P L Pf 



2^I(w e 2 + a 2 )s ( sin 2 M 2 ^ + (1 + cos 2 9) (A 2 + B 



2g z ev e (s - m|) sin 2 M^Giy + (1 + cos 2 6) [A G + B Z B 



4g z ea e m z T z cos 8 (A P 7 - B Z G ( 



+ 



e is — m 



2 \2 



+ m%V z ) — (sin 2 + (1 + cos 2 6) (G 2 + B, 



+ [P L - Ffj Ag 2 z v e a e s ( sin 2 6A 2 W + (1 + cos 2 9) (A 2 + B 

2g z ea e (s - m%) ( sin 2 9A W G W + (1 + cos 2 6) (A q G + B Z B 1 
- Ag z ev e m z T z cos 6 [AqB^ - B Z G 



+ IPlPl sin 2 9 



9 2 z(v 2 e - a 2 e )s (A 2 - A 2 W + B 2 Z ) cos(2^ - 5) 
g z ev e (s - m|) [AqGq - A W G W + B z B^j cos(2<^ - 5) 
e 2 ((s - m|) 2 + m|r|) 1 (G 2 - G 2 W + fi 2 ) cos( 2v , - 
g z ea e m z T z [A G - A W G W + B Z B 1 ) sin(2v? - 5) 



(2.9) 



Here the following definitions have been used: 



A = a z + (s + m 2 z )c z + 2y/su(b z - c z ), 

A w = —{az + {s + m 2 z )c z ) + 2y/sm z (b z - c z ) 
m z 

Go = 2sc 7 + 2\/sa;(6 7 — c 7 ), 
Gw = 2s-^-c 7 + 2y/sm z (b-y — c 7 ), 



2^k~b 2 



fi 7 = 2^6. 



7) 



(2.10) 
(2.11) 
(2.12) 
(2.13) 
(2.14) 
(2.15) 



and we assumed that the coefficients in the effective lagrangian (|2.1| ) do not have imaginary 
parts. Only the terms Aq and Aw have a tree-level contribution for the SM Higgs boson. The 
differential cross section is expressed as 

da 



1 —,m% m 2 



(2.16) 



d cos 6 dtp QAtc 2 s s s 

where fi(a, b) = (1 + a 2 + b 2 — 2a — 2b — 2ab) 1 ^ 2 is the two-body phase space suppression factor. 

We observe the following points. First, transverse polarization of the beams does not give 
us new information even with arbitrary relative opening angle i\ + 5 between the electron 
and positron polarizations. Second, longitudinal polarization is useful for measuring the HZ'y 
couplings in the Go factor from the interference term AqGq, since the polarization asymmetry 
of the relevant term is proportional to a e whose magnitude is much bigger than that of v e 



which multiplies the AqGq term for P_ = Pjp. Third, forward-backward asymmetry signals 
CP violation because the identity 

\M X T (6)\ = \M;\n - 6)\ (2-17) 

holds under CP invariance. The asymmetry is not only CP-odd but also CPT-odd [|24|] , and 
hence it is proportional to V z in our approximation of neglecting imaginary parts in the 
effective couplings. 

The total cross section is simply obtained from the differential cross section of eq. (|2.16 ). 



Fig. gives the total cross section for e + e~ — > ZH in the Standard Model. A 300 GeV linear 
collider with a yearly integrated luminosity of 10fb _1 || is expected to produce more than a 
thousand Higgs bosons in the intermediate mass range (m#^2mvy). With a good detection 
efficiency, we can hope to measure the detailed properties of the Higgs couplings to gauge 
bosons. In Fig. ^ we show the effect on the total cross section of adding small couplings bz, 
Cz, and bz to the Standard Model. The CP-even couplings bz and cz have interference terms 
with az-i and their effect is accordingly much larger than that of bz, which is CP-odd and 
appears only quadratically in the total cross section. The sensitivity of the total cross section 
to the (pZ'-f couplings 6 7 and c 7 is rather poor without beam polarization, as expected. In 
Fig. f|, we show the polarization asymmetry 



A _ °tot{P L = -1, Pi = 0) ~ °UP L - =l,Pj = 0) 
LH " o tot {P L - = "I, P£ = 0) + CT tot (P£ = 1, P$ = 0) - ' 



as a function of 6 7 , c 7 , and 6 7 for (y/s, m H ) = (200, 60) GeV (a) and (300, 150) GeV (b). When 
the 0^7 couplings are set equal to zero, this asymmetry is independent of bz, cz, and bz- 
This can easily be read off from eq. (|2.9| ) by setting Go = GV — P>j = 0, which leaves exactly 
the same combination of matrix elements as coefficients of (1 — P L P^) and (Pf — Pr). 

III. DECAY ANGULAR CORRELATIONS 

For electron helicity r and outgoing fermion helicity r', the matrix elements T^' for e + e~ — > 
ff4> are given in terms of the helicity amplitudes M.^ ( p.2|) for e + e~ — > Zip by 



e, *) = ^Mim^^—^DM, I 0), (3.i) 



r/ 



where q 2 is the invariant-mass squared of the decaying Z. The two quantities M.* and 
are Lorentz scalars and may therefore each be evaluated in the reference frame where they are 
simplest. is evaluated in the e + e~ center-of-mass frame, with the Z boson momentum in 
the z'-axis. The angle 9, as before, separates the e~ and Z momenta which lie in the x' — z' 
plane. D% is evaluated in the Z rest frame reached by boosting along the z'-axis. The angle 
9 is then the angle between the z'-axis and the outgoing fermion momentum, and ip is the 
azimuthal angle between the outgoing fermion and the x'-z' plane. This choice ensures that 
the Z polarization vectors 



<a=±i) = T(0, 1, ±i, 0)/V2 = (0, -A, -i, 0)/V2, 
tf x=o) = (q,0AE)/m z , (3.2) 

contained in and D% are evaluated in the two frames by proper substitution of the three- 
momentum q and energy E of the Z. The decay amplitudes are then 

DJV, 9, 0) = gzy/?(v f + r'a f ) < (0, <p) , (3.3) 

where 



d(A=o) (?,<p) = r ' sin 0, 
<a=±i) = -^(l±rW)e^. 



The differential cross section for a given electron helicity r and the final fermion helicity 
r', summed over Z polarizations and integrated over q 2 , is 

dcr(r,r') 1 ^/m| m}\ 3B(Z^//)(t; / + /a / ) 2 



dcos9 dcos§ dip 32vrs \ s ' s / 16vr 2(uJ + a J) 

A 

where use has been made of the limit V z <C m^. We can expand the squared matrix elements 
above in terms of the nine independent decay angular distributions: 
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+ cos 2 9) + - 3 cos 2 9) + T z cos§ 
+JF 4 sin 9 cos <p + T$ sin(2#) cos <p + T§ sin 2 9 cos(2<£>) 
+JF 7 sin 9 sin + JF 8 sin(2#) sin + JF 9 sin 2 sin(2<£>) . 



(3.5) 



The angular distributions are defined such that only the coefficient T\ remains after integration 
over the decay angles 9 and (p. 

The coefficients Ti are expressed compactly in terms of the hatted matrix elements in 
eqs.@,|l: 

1 + cos 2 9 



2 

T 2 = sin 2 #|M r °| 2 , 



Ml 



M-\ 2 ) + sin 2 9\M°\ 2 + t cos 9 (|M. 



IM 



-|2 



jr 3 = r ' [(! + cos 2^) (j M +|2 _ | M -|2^ + 2TCOS0 (|M+| 2 + |M~| 2 



+ r cos % [(M+ - M~) (M T )*] } 
+ t cos 9 He [(M+ + M~) (M T )*] } , 



JF 4 = 2rr' sin 9 [Re [(M+ + M")(M T 
JF 5 = rsintf [(M+ - M")(M T )*" 
JF 6 = sin 2 #7?e [{M+){M;y] , 
;F 7 = -2tt' sin 9 {Hn [(M+ - M")(M r )*] + r cos [(M+ + M")(M r )*] } 
JF 8 = -r sin 9 {Tm [(M+ + M")(M r )*] + r cos Jm [(M+ - M")(M r )*] } , 



^9 



•sin 2 #J? 



(M+)(M- 



(3.6) 
(3.7) 
(3.8) 
(3.9) 
(3.10) 
(3.11) 
(3.12) 
(3.13) 
(3.14) 



It is clear that there are nine quantities of interest which we can obtain from these. We define 
primed and unprimed functions which isolate these nine quantities. 



/, (r, T ') = J cos 9Ti (r, r') , 



-1 



o?cos 9lFi(r, t'), 



(3.15) 
(3.16) 



and we find: 



A(t,t') 



4 r 



|M+| 2 + |M"| 2 + |M | 



M+l 2 - IM: 



(3.17) 
(3.18) 



/ 2 (r,r 

/ 3 (r,T 
fs(r,r 
U(t,t 
fi(r,r 
fs(r,r 

fe(r,r 

/r(r,T 

fs(r,r 
fs(r,r 
/9(r,r 
/9(r,r 



1|M.0,2 

3 



T I 5 



= 0, 



Vf|M+| 2 -|M™ 12 

3 V 1 r I It 



= 2rr'(|M+| 2 + |M-| 2 
= 7irr"Re[{M+ + M~)(M®)* 
= ^r"Re[{Mt -M;){M Q T 
= |r7?e[(M+ -M-)(M r 
= -7?e[(M++Mr)(M°)* 

= |%[(M r + )(M-r 



f0\* 



-titt' Im 
4 

~3 

7T 



--t'1i 



m 



(m+-m-)(m t ; 

(M+ +M~)(M T )* 
-%2^[(M T + + M-)(M T )* 
Jjm[(M T + -M-)(M r )* 
i^[(M T + )(M r -; 



0. 



(3.19) 
(3.20) 
(3.21) 
(3.22) 
(3.23) 
(3.24) 
(3.25) 
(3.26) 
(3.27) 
(3.28) 
(3.29) 
(3.30) 
(3.31) 
(3.32) 
(3.33) 
(3.34) 



We present in Table 1 the nine combinations of matrix elements which we have isolated 



above. For each, we indicate by a + the terms even under CP and CPT |[24|| , while a — 
indicates those which are odd under CP and CPT. Observation of a CP-odd quantity signals 
CP-violation, whereas observation of a CPT-odd quantity signals an absorptive part in the 
amplitude. The asymmetries with which we can measure the matrix elements are also listed. 
The asymmetry A\ is obtained from the corresponding function // (r, r') above after one 
sums over the electron polarization (r), final fermion polarization (r') and species with an 
appropriate weight (see below). We put triangles when we should expect suppression of the 
signal without beam polarization or final fermion spin measurements. The circles indicate 
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that observation of the asymmetry requires identification of the charge of the final fermion /. 
The charge identification requirement is met only for the leptonic decay modes of the Z and 
some fraction of the charm and bottom decay modes. Final spin measurement is possible only 
for the mode Z — ► t + t~ . Requirement of the beam polarization does not pose a problem for 
linear colliders, but may not be met at LEP-II. 
We define integrated asymmetries: 

4V) = 4 E £ m *Z fI) <!' t r'ff /.'V, A (3.35) 



16tt 2{vj + ajj 



where 



N = J2Mt), (3.36) 

T 

am = —)N- (3.37) 

Finally we sum over electron helicities r and obtain: 

4°=A W (+)+4 ) (-), (3-38) 

A ( l } r = 4 w (+)-4 (,) R- (3.39) 

These are summed over all observable Z decay modes and over the final fermion spins. It is 
remarkable that for each combination of matrix elements, one asymmetry exists which requires 
measurement neither of the final fermion spin nor of its charge. 

The asymmetries are shown in Figs. [| and ^| as deviations from the Standard Model values 
caused by adding small couplings bz, cz and bz- A few of the CP-conserving asymmetries are 
shown in Fig. [|a for tuh = 60 GeV and ^/s = 200 GeV. As the added couplings here are bz 
and cz, the Higgs is a pure scalar in this plot. Some of the CP-nonconserving asymmetries 
are shown in Fig. ||b as functions of bz (solid lines) and 6 7 (dotted lines). Figures ^|a, b show 
the same asymmetries for win = 150 GeV and y/s = 300 GeV. The CPT-odd asymmetries 
A'i, A$, and A% can be no n- vanishing when the HZ'-f couplings are added. However, in our 
approximation of neglecting the absorptive parts of the amplitudes, except for the Z boson 
width, their magnitudes remain very small, even with the help of beam polarization. 
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IV. DIMENSION SIX OPERATORS - AN EXAMPLE 



One possible manifestation of new physics in the scalar sector is the appearance of the non- 
renormalizable effective interactions such as those in the lagrangian Q2.1|) . In the electroweak 
theory, we expect that these new interactions form gauge invariant higher dimensional oper- 



ators Constraints due to the electroweak gauge invariance will then relate new physics 
contributions to the process e + e~ — > ZH to those in other reactions. In this section, we 
examine the effects of SU(2) x U(l) gauge-invariant dimension six operators which involve 
the Higgs field and the gauge bosons. 

There are eleven such operators Oi which are CP-even Of these eleven, only six 

contribute to the processes e + e _ — > ZH and Z — > 7 if. In addition, there are five CP-odd 
operators, Of. 



In the notation of ref. 14}| , they are expressed as 



®ww — 




o ww 




Obb = 




O bb 


= le^&B^B*/ 3 ®, 


Obw = 




Obw 


= le^p&B^W^®, 


O w = 




6w 




o B = 


(D^yB^(D u <S>), 


Ob 


= \e^{D^B a P{D»<$>), 


0*,i = 









(4.1) 



(4.2) 



Here the covariant derivative is 



D^d^ + igTW + ig'YB, 
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d M + i^={WTT + + W~T~) + ig z {T 6 - s w Q)Z, + ieQA 



i-i- 



(4.3) 
(4.4) 



V2 

where g and g' are the SU(2) and U(l) gauge couplings, respectively, and cw = cos 6^ and 
Sw = sin 6w are the weak mixing factors 
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( w*\ 



-Sw Cw 



(4.5) 



The hatted operators are 



W, u = igT a W; v , 
Bfa, = ig'YB^, 



(4.6) 
(4.7) 



and the unhatted field operators are 



W. 



d,W± - d v W± ± ig(W?W± - W$W^ 



(4.8) 



= d^B v — d v B^. 



(4.9) 



The standard Higgs field $ is a doublet with the hypercharge Y = |, which has the form 



^ 

v + H 



(4.10) 



in the unitary gauge. 



We note that in the gauge boson sector that has been studied extensively |2qJ14|1 the 
operators Oww an d Obb merely renormalize the SM gauge couplings, while the operators 
Obw an d contribute to the gauge boson propagators. All the eleven operators listed 
above contribute to the HZZ and HZ'-f couplings and their effects can be expressed as their 
contributions to the seven coefficients of our phenomenological lagrangian ( |2.1|) . They can be 
calculated simply by counting vertices in C e ff |4.1| , except for the coefficient az (and 6 7 = c 7 ; 
see below) for which we should also count the shifts due to the new interactions 
in the Z and H fields as well as in the paramters gz and mz- 
We find by a straightforward calculation 

,2 \ 



gzmz v 



(4.11) 
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, 9Z m Z (i f 22f l if\ (a in\ 

~ 2A 2 \° W ^ WW S W C WJBW + S\yJBB j , V^- 11 ) 

9zmz ( 2 f , 2 f \ (a iq\ 

Cz = — 4A 2 " I w ^ + J ' ( 4 - 13 ' ) 
bz = 3 2^ ( c wfww + Sw c wfBW + SwfsB — 2 ( c vf/w + SwJb), ^ , (4-14) 

fry — ~ {^ C wfw\V + («VF _ c w) f BW ~ 2s^/bb) , (4-15) 

^(fw-fn), (4.16) 

(4.17) 
(4.18) 

~ ec w Sjym z (7.7.7 \ 1ft x 

°T7 — ^T2 \/WW + JBW + JBB J • (4.iyj 



~~ 2A 2 ^ ww B ' 



2A 2 

Here we have added to our effective lagrangian (|2.1|) the ^77 couplings: 



£e//(077) = &77^V + b^A^A^, (4.20) 



whose effects can be studied at 77 colliders or in the decay H — > 77 f2l|. The dimension 



six operators contribute not only to the above HZZ, HZ'j and i/77 vertices but also to the 



gauge boson |25[ and the Higgs propagators. They shift the boson masses and the wavefunction 
normalization. We can be express the result of this renormalization compactly by using the 
Z mass and the couplings (gz and s^y) as observed at LEP. The net effect is then to add to 
the above effective couplings the following terms: 

a 9zm z (U,2V 2 2 4 4 2g 2 -m|\ 

Aa z = I ~ 9z( c wfDW + SwfoB) ^ I , (4.21) 

A6 7 = Ac 7 = -eg 2 z (c 2 w f DW - s^/de)^, (4.22) 



in the notation of ref. fT4| . The coefficients fow and foB, along with fsw an d are 



constrained stringently by the present electroweak measurements p5| , ^4| . fs, fw, Ibb, and 



fww are only mildly constrained at the one-loop level ]14|] and the remaining CP-even coef- 



ficient /$ t 2 is unconstrained by the low energy data. All of the CP-odd operators should be 
constrained by the non-observation of the neutron and the electron electric dipole moments 



271 , 1281 . However, a comprehensive analysis of all the CP-odd dimension six operators has 
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not yet been carried out. Since only certain combinations of the five CP-odd operators are 
constrained by low-energy experiments, we cannot generally exclude observable CP violation 
in the reaction e + e~ — ► ffH. 

In this report, we give just one example of the possible effects of these new interactions. 
The HZ'-) and H77 couplings above make it possible for the reaction e + e" — > jH to occur at 
a significantly enhanced rate. The cross section for this process at the Z peak is 

^e + e" - Z - 7 H) = (l - ^) 3 <$r*wtf + <£) {^(fd + G^)) , (4-23) 



where 



Gift) = (2c 2 w f ww + (s 2 w - c 2 w )f BW - 2s 2 w f BB )/A 2 - l -{fw ~ f B )/A 2 - (4.24) 

Limits on this process are available from the LEP experiments. The strictest of these are of the 
order 1-10 pb p9[] . From <r(e + e~ — > jH) < 1 pb, we can obtain a limit of G 2 (fi) + G 2 {fi) 



(m 2 H /m 2 z )Y < 20.5 TeV 4 . This is a limit on (6 7 — c 7 )m^ and on b^mz of 0.022 for mn = 70 
GeV. In Figure [F]we compare the SM contributions to the cross section at y/s = mz Hl5| , p~6| . pT7 1 



as the dotted lines, which are far below the experimental limit (1-10 pb), to the contribution 
from the effective couplings fww (solid line) and Jbb (dashed line). Also shown in the figure 
are the effects of these couplings at higher energies, \J~s = 200 and 300 GeV. 



V. CONCLUSIONS 

We have shown how the Z decay angular correlation in the process e + e~ — > ff(f> is useful in 
obtaining detailed information on the CP nature of a spinless neutral particle 0. To do this, 
we have examined the consequences of <j)ZZ and (pZ'y couplings introduced in an effective 
lagrangian which includes all terms of mass dimension five which respect electromagnetic 
gauge invariance. For the process e + e~ — > Z<p, we have shown that transverse polarizations of 
the beams does not give us new information. Longitudinal polarization of the beams is useful 
for studying the CP-even (fiZj couplings. 
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Including the decay of the Z provides more information. There are then nine combinations 
of the e + e~ — > Zcf) matrix elements which appear in the differential cross section. One of 
these combinations is just the e + e~ — ► Z<p cross section summed over Z polarizations. The 
remaining eight are isolated by constructing asymmetries. For each combination of matrix 
elements, we find one asymmetry which isolates it without identifying the charge or the spin of 
the final state fermion. This holds true even for the CP-violating asymmetries. Therefore all 
the observable Z decay modes can be used to measure the <fiZZ and (frZ^ couplings, without 
losing generality. These results are summarized in Table 1 and also in Figures |5| and |6|, where 
we show the dependence of the asymmetries on the couplings in our effective lagrangian. 

Finally, we have related our effective lagrangian to the special case of addition of the di- 
mension six operators made of the gauge bosons and the Higgs doublet to the Standard Model. 
Experimental limits on the HZ'y couplings from non-observation of the process e + e~ — > 
at LEP can be expressed as a constraint on the dimension six operators when m# < mz- We 
compare in Figure |7| the cross section for this process from the effective lagrangian to that of 
the Standard Model at one loop. 
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TABLE 1 



CP and CPT [24| properties of squared matrix elements, and the corresponding observable 
asymmetries. CP and CPT conservation is indicated with a +, nonconservation is indicated 
with a — . The circles indicate that observation of the asymmetry requires identification of the 
charge of the final fermion /. The triangles indicate that the asymmetry may be suppressed 
without corresponding polarization measurements. 



Matrix Elements 


Properties 
CP CPT 


Observables 


beam / 
Pol. Pol. 


/ 

charge 


\M+\ 2 + \M- 


2 + |M°| 2 


+ + 


Otot 


- 


- 


|M°| 2 


+ + 


A 2 


- 


- 


|M+| 2 - 




2 


— — 


A[ 


A 


- 


A 3 


A 





-Re 




+ M-)(M°y 


+ + 


A, 


A A 







A' 5 






-Re 








A', 


A 







A 5 


A 




-Re 


\m+)(m-)* 




+ + 


A 6 






In 




-m-)(m°y 


- + 


A 7 


A A 







A's 






1m 




+ M-)(M CT °)* 


+ 


A' 7 


A 







A 8 


A 




In 


\M+)(M a 


1* 




+ 


A 9 
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FIGURES 

FIG. 1. Feynman diagrams for e + e~ — > Z<p, (a) in the Standard Model, and (b) with our 
effective Lagrangian. (c) Those for e + e~ — > 70. 

FIG. 2. Standard Model cross section for e+e" -> for ^/s = 200, 250, 300, 350, 400, 
450, 500 GeV, as a function of m# . 

FIG. 3. Cross section for e+e" -»■ Z#, for {yfs,-m H ) = (200,60) and (300,150) GeV. The 
horizontal solid lines give the Standard Model values and the solid curves show the dependence 
on bz- The dashed lines are for cz, and the dots for bz- 

FIG. 4. Alr in the Standard Model and as a function of 6 7 , c 7 , and 6 7 . When the HZ 1 -/ 
couplings are set to zero, this asymmetry is independent of the couplings b z , cz, and b z . (a) 
{^fs,m H ) = (200,60) GeV, and (b) (^s,m H ) = (300,150) GeV. 

FIG. 5. Asymmetries for m H = 60 GeV and yfs = 200 GeV. (a) A 2 , A' 5 , and A 6 exist in 
the Standard Model. The solid lines indicate the effect of bz, and the dashed lines give the 
effect of cz- (b) A' 8 and A$ indicate CP violation. The solid lines give the effect of bz, the 
dotted lines of 6 7 . 

FIG. 6. As Fig. |, for m H = 150 and = 300 GeV. 

FIG. 7. Cross section for e + e" — > jH. The contribution of fww (Ibb) is given by the 
solid (dashed) lines for {\/s,mjj) = (m z , 70), (200, 60), and (300,150) GeV. The contribution 
of the Standard Model (dots) is shown for m t = 150 GeV and (yfs,m H ) = (m^,60) GeV. 
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